Purpose: Whole-heart 3-dimensional (3D) late-gadolinium-enhanced magnetic resonance (MR) imaging (WH-LGE) uses respiratory gating combined with acquisition of 3D data for the entire heart in a single scan, which permits reconstruction of any plane with high resolution. We investigated the optimal scan parameters and compared WH-LGE with the conventional scanning method.
Introduction
Many studies have reported the usefulness of late gadolinium-enhanced (LGE) magnetic resonance (MR) imaging for assessing the viability and prognosis of infarcted myocardium because it permits clear visualization of infarcted myocardium. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] Three-dimensional (3D) scanning is the current trend in LGE MR imaging because it enables acquisition of data for the entire heart in a short time. However, the current 3D scan method (conventional method) permits data acquisition in only a single direction during one breath-hold, so patients must be instructed to hold their breath several times for acquisition in multiple directions. This may cause discomfort in patients with myocardial infarction and make imaging challenging if patients cannot hold their breath properly. Insu‹cient in-plane resolution and resolution in slice direction also make precise evaluation of the extent and depth of infarction di‹cult using the conventional method.
Given this background, we have developed the whole-heart 3D LGE MR imaging (WH-LGE) method, which permits acquisition of 3D data for the entire heart in a single scan during quiet breathing using high precision real-time motion correction (RMC) respiratory gating. In the WH-LGE Fig. 1 . Whole-heart 3-dimensional late gadolinium-enhanced magnetic resonance imaging (WH-LGE). a. Twenty-one consecutive reconstructed images of all 60 data acquired using WH-LGE in the transverse plane perpendicular to the body axis show late enhancement of the infarcted region in the inferior wall. b-d. Multiplanar reconstructed (MPR) images generated from the whole-heart data in (a). b: short-axis view c: long-axis view d: 4-chamber view 
Materials and Methods
Using a 1.5-tesla MR imaging system (EX-CELART Vantage TM powered by Atlas, Toshiba Medical Systems Corporation, Japan) and 16-channel body coil (Atlas SPEEDER, Toshiba), we acquired images using an inversion recovery 3D fast eld echo (IR-3D-FFE) technique with parameters shown in Table 1 . Figure 1 shows original images acquired using the WH-LGE method and images generated by multiplanar reconstruction (MPR).
We assessed the WH-LGE method with regard to the items described below.
Assessment of optimal scan parameters
Five healthy volunteers (4 men, one woman, aged 25 to 53 years, average age 38.6 years) underwent scanning without gadolinium (Gd) contrast agent and with 12 combinations of scan parameters: ‰ip angle (109 , 129 , or 149 ), fat suppression (on or oŠ), and data acquisition order (sequential or interleaved). All volunteers provided written informed consent. The images obtained were evalu- Two radiologists specializing in cardiac MR imaging and with experience interpreting cardiac MR images assessed the images with regard to respiratory motion, uniformity of left ventricular myocardial signal intensity, and sharpness of left ventricular myocardial margins. They graded each characteristic on a 4-point scale. For artifacts from respiratory motion (chest wall), they used scores of: 0, very noticeable (substantial eŠect on diagnosis); 1, noticeable (minor eŠect on diagnosis); 2, slight (no effect on diagnosis); and 3, none. For uniformity of left ventricular myocardial signal intensity, they assigned scores of: 0, very nonuniform; 1, nonuniform; 2, slightly nonuniform; and 3, uniform. They scored sharpness of left ventricular myocardial margins using: 0, totally unclear; 1, mostly unclear; 2, partially unclear; and 3, clear. The two resolved any discordant assessment by discussion and consensus. Comparison was based on the total point scores for each image.
We measured signal intensity in 12 regions of interest (ROIs) we set in the left ventricular myocardium (Fig. 2) . We chose 3 slice images (one slice was upper, a second slice was middle, and the third slice was lower) for measurement based on reconstructed images acquired using WH-LGE images in the transverse plane. We analyzed measurements statistically using the F-test to identify signiˆcant diŠerences in covariance in the signal intensity values for the diŠerent scan parameters.
Assessment based on clinical cases
Based on the results of the above assessments, patients underwent scanning using the WH-LGE and conventional methods to evaluate myocardial infarction, and we compared actual scan time and image quality between the 2 methods. The subjects were 25 patients (19 men, 6 women; aged 38 to 81 years, average age 65.4 years) with known or suspected myocardial infarction who underwent MR imaging examination at our facility between March 1st and October 31th 2009. The institutional review board of our hospital approved this study protocol and all patients provided written informed consent. Table 1 delineates the scan parameters for the conventional method. In the conventional method, the ‰ip angle was set to 129 , and the inversion time (TI) to a value between 250 and 280 ms based on the R-R intervals for electrocardiographic (ECG) gating and the results obtained by TI-Prep scan (the method for TI optimization). The injection volume of Gd contrast agent was 0.2 mL/kg. Data acquisition using the conventional method was started 13 min after the start of injection, and acquisition using the WH-LGE method was started 16 min after the start of injection.
Scan time was deˆned as the period from the start to end of data acquisition for the WH-LGE method and from the start of data acquisition to the completion of acquisition of the left ventricular short-axis, left ventricular long-axis, and 4-chamber cross-sectional images (the entire period, including breath-holds and pauses between breathholds) for the conventional method.
We also assessed visually and quantitatively. Two radiologists specializing in cardiac MR imaging and with experience interpreting cardiac MR images assessed the acquired images with regard to sharpness of the margins of normal myocardium at the base and apex of the heart and respiratory motion (chest wall) artifacts at the base and apex of the heart. We also compared sharpness of the border between infarcted (enhanced) and adjacent normal (nonenhanced) myocardium regardless of subendocardial or transmural enhancement pattern, and we compared contrast between infarcted (enhanced) and adjacent normal (nonenhanced) myocardium by segments according to American Heart Association (AHA) classiˆcation. The 2 radiolo- gists resolved any discordant assessment by discussion and consensus. We used the t-test to identify signiˆcant diŠer-ences between the groups of data acquired using the WH-LGE and conventional methods (Fig. 3) and to measure the contrast ratio (CR) between infarcted (enhanced) and normal (nonenhanced) myocardium. We set 3 ROIs alrbitrarily in the infarcted lesion and normal myocardium, in which we measured signal intensity, calculated the average of these values, and used the t-test for statistical analysis to identify signiˆcant diŠerences.
Results
Assessment of optimal scan parameters in healthy volunteers Table 2 delineates the results of visual assessment, which suggest that the optimal combination of scan parameters is a ‰ip angle of 129 , fat suppression turned oŠ, and interleaved ordering. Table  3 shows the results of quantitative measurement. No signiˆcant diŠerences were observed in the average of covariance values for the myocardial 
Assessment based on clinical cases
We observed LGE in 24 of the 25 patients and 116 segments classiˆed according to the AHA classiˆcation. Of these, 40 segments showed subendocardial enhancement that extended less than halfway through the entire thickness of the myocardium, and 76 segments showed transmural enhancement of 50z or greater. Table 4 shows the results for scan time measurement and the detection rate of real-time motion correction. Scan time tended to be longer as the detection rate decreased. Although the average scanning time was slightly longer using the WH-LGE method than the conventional method, the t-test identiˆed no signiˆcant diŠerence ( P＝0.092). Figure 4 shows the results of visual assessment, which suggest the signiˆcant superiority of WH-LGE to the conventional method with regard to sharpness of the margins of normal myocardium at the apex of the heart ( Pº0.05) and contrast between infarcted (enhanced) and adjacent normal (nonenhanced) myocardium ( Pº0.01) and of the conventional method to WH-LGE with regard to sharpness of the margins of normal myocardium and respiratory motion (chest wall) artifacts at the base of the heart ( Pº0.05). No signiˆcant diŠer-ences were observed in respiratory motion (chest wall) artifacts at the apex of the heart and in sharpness of the border between infarcted (enhanced) and adjacent normal (nonenhanced) myocardium.
Contrast ratio analysis showed no signiˆcant diŠerence between WH-LGE (12.53±2.80) and the conventional method (11.06±2.35) ( P＝0.109).
Discussion
We investigated the optimal parameters for examinations and clinical usefulness of the WH-LGE method we developed to acquire 3D data for the entire heart in a single scan during quiet breathing using high precision real-time motion correction respiratory gating.
In myocardial LGE MR imaging, scanning is started 10 to 20 min after intravenous injection of Gd-DTPA contrast agent. 15 This method can depict myocardial lesions with high reproducibility and Fig. 4 . Comparison of image quality between the whole-heart 3-dimensional late gadolinium-enhanced magnetic resonance imaging (WH-LGE) method and the conventional method in 25 patients with myocardial infarction. a: sharpness of the margins of normal myocardium at the base of the heart; b: sharpness of the margins of normal myocardium at the apex of the heart; c: respiratory motion (chest wall) artifacts at the base of the heart; d: respiratory motion (chest wall) artifacts at the apex of the heart; e: sharpness of the border between infarcted (enhanced) and adjacent normal (nonenhanced) myocardium; f: contrast between infarcted (enhanced) and adjacent normal (nonenhanced) myocardium. * Pº0.01; ** Pº0.05; NS: no signiˆcant diŠerence 14 M. Yorimitsu et al.
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has recently been applied to various diseases, particularly ischemic heart disease. [16] [17] [18] [19] Kim and associates have reported that recovery of myocardial function can decrease as the transmural depth of the enhanced myocardial tissues increases. 20 Therefore, accurate assessment of the extent and depth of the enhanced region is important in assessing prognosis. Recently, the introduction of ECG-gated scan with breath-holding and development of the inversion recovery (IR) technique have dramatically improved contrast between infarcted and normal myocardium. Furthermore, the development of the 3D data acquisition technique combined with parallel imaging markedly reduced scan time and enabled data acquisition for the entire heart in a single scan. 9 Prior to that, only 2-dimensional (2D) data acquisition was possible, and only a single plane could be acquired in a single scan. However, the large slice thickness required for the 3D technique diminishes image sharpness, a disadvantage in assessing the extent and depth of infarcted myocardial tissues. In addition, imaging with the 3D technique requires scanning several times for diŠerent planes (including the short-axis, long-axis, and 4-chamber crosssectional planes), and patients must hold their breath for each scan. This may be di‹cult for patients with ischemic heart disease and those who cannot hold their breath properly.
In this study, we assessed the optimal scan parameters in healthy volunteers and achieved the highest score for visual assessment by combining a ‰ip angle of 129with fat suppression turned oŠ and interleaved ordering. Because interleaved ordering is inherently unaŠected by motion, this method seems more suitable to scanning during quiet breathing. In the quantitative assessment of signal intensity uniformity in the left ventricular myocardium, we observed no signiˆcant diŠerences among the various combinations of parameters.
Use of the WH-LGE method permits acquisition of 3D data for the entire heart in a single scan and viewing of any desired plane of the heart (including the short-and long-axis planes) by reconstruction of the acquired 3D data (Fig. 1) . In the clinical cases, the visual scores of the WH-LGE method were signiˆcantly higher than those for the conventional method with regard to sharpness of normal myocardium at the apex of the heart and contrast between the enhanced region and normal myocardium. In the conventional method, use of a 10-mm slice thickness resulted in image blurring (reduced sharpness) due to partial volume eŠects, especially at the apex of the heart. In the WH-LGE method, on the other hand, a high resolution of 3 mm or less could be maintained in all planes. Although the diŠerence was not signiˆcant, the sharpness of the border between infarcted and nor-Whole-heart 3D LGE MRI Vol. 11 No. 1, 2012 mal myocardium was better with the WH-LGE method than the conventional method ( P＝0.056). Based on these factors, it can be expected that this advantage should permit more accurate assessment of the extent and depth of infarcted myocardial tissue.
The WH-LGE method was judged to be inferior to the conventional method in visual assessment of the sharpness of normal myocardium and respiratory motion artifacts at the base of the heart. We assume this is attributable to respiratory motion artifacts from the chest wall overlapping the base of the heart and can therefore be overcome by adjusting theˆeld of view.
We did not directly compare regions of enhancement and pathological specimens of infarcted tissues and so cannot assess their correspondence. However, in an animal study, Kim and associates 2 reported close agreement between the region of enhancement in MR images and the extent of infarcted tissue (region of ischemic necrosis) in pathological specimens. 2 We believe, then, that we can assume such close correspondence in the present study.
In scanning using the WH-LGE method, acquisition of data in a plane perpendicular to the body axis eliminates the need to perform complicated procedures for positioning the scanning plane. Furthermore, because the method can be performed easily with little in‰uence by the skill of the technologist performing the study, reduced examination time can be expected. The slightly longer scan time for the WH-LGE method than the conventional method (based on actual measurements) can be explained by the time needed to compensate for the lower detection rate of RMC for patients with an unstable breathing pattern. Therefore, examination time could be reduced and data acquisition e‹ciency improved by instructing the patient to take shallow breaths or by applying an abdominal band.
Coronary MR angiography (MRA), in which coronary lesions are visualized directly, is one MR imaging method used to diagnose ischemic heart disease, and whole-heart 3D coronary MRA is the current preferred method. 21 The plane setting procedure is similar in this method and the WH-LGE method, so scanning may be relatively easy using both these methods sequentially. It is expected that, in the future, it should be possible to generate images that combine data acquired using the WH-LGE method and whole-heart 3D coronary MRA and that the fused images can be used to evaluate the relationships between stenotic lesions and the extent of infarcted myocardium.
There are several limitations in our study. First, we cannot prove precisely the actual extent of infarcted myocardial tissues because we cannot perform pathological examinations. Second, the number of patients in our study is small, and further study with a larger study population is needed. Third, based on our assessment of optimal scan parameters, we performed examinations in clinical cases without fat suppression; this parameter may have limited clinical use in some cases, such as diseases of right ventricular myocardium or pericardium.
Conclusion
Whole-heart 3D late gadolinium-enhanced MR imaging can be used to acquire high-resolution images during free breathing and can be useful for accurately estimating the area and transmural extent of myocardial infarction.
